Once the ferredoxin/thioredoxin system was established as a mechanism linking light to the post-translational regulation of chloroplast enzymes, I considered that plants might harbor a light-independent mechanism utilizing this same enzyme chemistry based on thiol-disulfide redox transitions. After reflection, it occurred to me that such a mechanism could be fundamental to seeds of cereals that undergo dramatic change following exposure to oxygen during maturation and drying. The pursuit of this idea led to the discovery of a family of extraplastidic thioredoxins, designated the h-type, that resemble animal and bacterial counterparts in undergoing enzymatic reduction with NADPH. Current evidence suggests that h-type thioredoxins function broadly throughout the plant. Here I describe how the thioredoxin h field developed, its current status and potential for contributing material benefits to society.
Introduction
For the first 25 years after the discovery that fructose 1,6-bisphosphatase (FBPase) of chloroplasts was regulated by light via ferredoxin (Fdx) (Buchanan et al. 1967 ) and 15 years after the requirement for thioredoxin (Trx) was established (Wolosiuk and Buchanan 1977) , a single path was believed to lead to redox regulation in plants. It appeared that this type of regulation was confined to enzymes of the Calvin-Benson cycle in chloroplasts (Buchanan 1980 , Buchanan 2013 , Buchanan 2016 , Buchanan, 2017 . We observed that chloroplasts reduced Trx via a newly identified enzyme, ferredoxin-thioredoxin reductase (FTR) that catalyzed the transfer of electrons from photoreduced Fdx to Trx. Once reduced, Trx, in turn, reduced and thereby activated regulatory enzymes of the carbon cycle (Wolosiuk and Buchanan 1977) . In this manner, chloroplasts were able to use light and thiol-disulfide exchange to control photosynthesis and associated processes of the chloroplast (Fig. 1) . At the time, the Fdx/Trx system was the only redox regulatory system known. There was no evidence that plants harbor an NADP-linked route analogous to the one originally found to function in ribonucleotide reduction in bacterial and animal cells that could provide an alternative (Holmgren 1985) (Fig. 2) . Evidence that the NADP mechanism functioned in enzyme regulation emerged a decade later in experiments carried out by Follman's group in Germany and our laboratory in Berkeley (Suske et al. 1978 , Bersterman et al. 1983 , Johnson et al. 1987a ).
Identification of Thioredoxin h
The photosynthetic enzymes found to be regulated by thioldisulfide exchange early on proved to be useful in identifying Trx h and elucidating its properties and function. Follman's original studies showed that wheat flour contains multiple forms of Trx that differed from chloroplast counterparts in their specificity in activating the target enzymes of chloroplasts that were used for in vitro assays, FBPase and NADP-malate dehydrogenase (NADP-MDH) (Suske et al. 1978 , Bersterman et al. 1983 , Buchanan 2016 , Buchanan 2017 . The use of these enzymes for assaying Trxs in these early studies grew out of our original chloroplast studies showing that, under our assay conditions, FBPase was specific for Trx f and NADP-MDH was specific for Trx m (Buchanan, 2016) . This specificity was found to be useful in characterizing the newly discovered Trxs, e.g. NADP-MDH was found to be activated by Trx h and Trxs from bacteria. Research in our laboratory later demonstrated that dark-grown carrot callus and flour showed similar Trx activities (Johnson et al. 1987a) .
Our callus results prompted the conclusion that Trx was present in cells grown in the dark and was less abundant when tissue was cultivated in the light. The callus protein was designated Trx h to reflect its heterotrophic character. Cell-free preparations of callus tissue also showed NADP-thioredoxin reductase (NTR) activity (Fig. 2) . Tom Johnson, a graduate student, and R.Q. Cao, a visiting scholar from China and a specialist in cell culture, made essential contributions to these early studies. Joshua Wong, a long-term collaborator in our laboratory, has been central to the seed Trx research since the beginning. Participants in the early Trx h research in Berkeley are pictured in Fig. 3 .
A question soon to emerge was the extent to which Trx h and NTR were present in light-grown plants. An answer was provided by Javier Florencio, a post-doc from Seville, Spain, who identified and purified Trx h and NTR from spinach leaves (Florencio et al. 1988) . Both proteins resembled their counterparts from cultured callus. Moreover, on purification, NTR showed physical properties similar to the corresponding enzyme from Escherichia coli. NTR and Trx h were also isolated from roots, thereby confirming their presence in heterotrophic plant tissues that had developed naturally. Early on, Heather Huppe, a newly minted post-doc who obtained her degree in Berkeley, extended the occurrence of Trx h and NTR to the green alga Chlamydomonas reinhardtii grown under photosynthetic conditions. The study was carried out in collaboration with Myroslawa Miginiac-Maslow and other members of the Orsay group (Huppe et al. 1991) .
In far-reaching follow-up work conducted in collaboration with Frank Marcus (a staff scientist at Chiron Corporation) and Sungho Shin (a South Korean post-doc in our laboratory), Trx h was identified in the cytosolic, mitochondrial and endoplasmic reticulum fractions isolated from germinating castor seeds, thereby increasing its prevalence and distribution in plant cells (Marcus et al. 1991) . We also determined a partial amino acid sequence of Trx h from spinach roots. Although incomplete, the sequence demonstrated that root Trx resembled the corresponding protein from animal cells. The results aligned plant Trx h with eukaryotic counterparts, reminiscent of earlier studies relating chloroplast Trx f to animal Trx (Hartman et al. 1990 , Rivera-Madrid et al. 1995 . By contrast, Trx m had long been known to be of bacterial origin (Buchanan 1980 , Buchanan 2016 .
The availability of a partial amino acid sequence for Trx h (Marcus et al. 1991 ) enabled others to clone the gene and elucidate key structural and functional features of the protein (Meyer et al. 2009 , Häaglund et al. 2016 . However, despite the importance and widespread distribution of the protein family, it proved quite difficult to isolate phenotypic Trx h mutants (Arabidopsis has eight forms of the protein: h1-5 and h7-9; there is no h-6) (Gelhaye et al., 2003) . Subsequent research confirmed that members of the Trx h family are present in several compartments of plant cells where they fulfill a diversity of functions (Hägglund et al. 2016 , Geigenerger et al. 2017 . However, despite their importance, the redundancy in the Trx h gene family made it difficult to isolate phenotypic mutants (Meyer et al. 2009 , Meyer et al. 2012 . Fig. 1 The photosynthetic ferredoxin/thioredoxin system. From Buchanan et al. (2000) . Note that when published, this was the most comprehensive textbook of its kind and also the first to be published in full color. Johnson, 1986; Joshua Wong, 2013; Karoly Kobrehel, 1992; Peggy Lemaux, 2012. Photographer, Tom Johnson (Joshua Wong) ; Joshua Wong (unknown); Karoly Kobrehel (Joshua Wong); Peggy Lemaux (Joshua Wong).
Identification of NTR and Trx h in Seeds
The first evidence for an alternative (extraplastidic) mechanism of redox regulation stemmed from studies on purothionin-a disulfide-rich protein isolated from wheat endosperm (flour) that Keishiro Wada, a long-term colleague and friend from Kanazawa University, introduced to our laboratory in the early 1980s. With unusual insight and prescience, Kei designed experiments he carried out with Nancy Crawford, a talented research associate. The work showed that Trx f, reduced either by dithiothreitol (DTT) or the Fdx/Trx system, in turn, reduced purothionin. Once reduced, purothionin activated the Trxmodulated FBPase isolated from chloroplasts (Wada and Buchanan 1981) . Purothionin was specific for FPBase and failed to replace Trx in facilitating activation of chloroplast NADP-MDH with DTT.
This work was confirmed and extended in a follow-up study showing that purothionin could be reduced with NADPH via NTR and the newly identified Trx h purified from wheat seeds (Johnson et al. 1987b) . As before, the reduction of purothionin was monitored by assessing the activity (activation) of chloroplast FBPase. Similar results were obtained when Trx h was replaced with chloroplast Trx m or Trxs from bacteria (Chromatium and E. coli). These experiments also uncovered an unrecognized role for Trx, namely that it could function in conjunction with another disulfide protein in secondary thiol redox control (NADPH ! NTR ! Trx h ! Purothionin ! FBPase). Physiological evidence for such a role was later provided by the demonstration that a form of Trx h was reduced by glutaredoxin, a redoxin functional in enzyme regulation (Gelhaye et al. 2003) . In a related finding, the work of Johnson et al. (1987b) demonstrated that purothonin inhibited the activity of calf thymus ribonucleotide reductase, thus raising the possibility that blocking ribonucleotide synthesis could contribute to the known toxicity of purothionin injected into animals (Coulson et al. 1942) .
A Function for Trx h
While the above experiments were informative, they failed to suggest a function for Trx h. This goal awaited the resumption of purothionin research some years later in a study that included additional disulfide proteins of seeds, namely the a-amylase/trypsin inhibitors, conducted in collaboration with the late Karoly Kobrehel, a sabbatical visitor from Montpellier ( Fig. 3) (Kobrehel et al. 1991) . A brilliant cereal chemist, Karoly had broad knowledge and experience with wheat proteins. He also had an impressive gift for languages, speaking seven languages fluently. His experiments demonstrated that a-amylase/trypsin enzyme inhibitors from several sources were reduced by Trx. This work provided evidence that Trx could regulate enzymes of seeds indirectly by inactivating specific inhibitor proteins. This concept was later confirmed and extended with the limit dextrinase (pullulanase) inhibitor from barley (Jensen et al. 2012 ).
Thioredoxin h Functions Broadly
Work by Jin-an Jiao, a Chinese post-doc in our laboratory, extended the early experiments and demonstrated that, when reduced by Trx, trypsin inhibitor proteins exhibited a dramatic increase in susceptibility to trypic digestion and heat inactivation coincident with a decrease in their ability to inhibit trypsin. This finding opened the door to pursuing further work on the role of redox in seeds (Jiao et al. 1992 , Jiao et al. 1993 . The list of proteins reducible by Trx was soon extended to gliadins and glutenins-the major components of wheat gluten that interact to form the dough network critical for making bread and pasta , Lozano et al. 1996 . The corresponding proteins of rice and barley were also found to be reduced by Trx (Yano et al. 2001 , Marx et al. 2003 .
This body of work introduced the concept of thiol redox transitions to cereals and the seed biology field. It became clear that major proteins of grain endosperm targeted by Trx were: (i) synthesized in the sulfhydryl state; (ii) oxidized to the more stable disulfide state during maturation and drying; and (iii) re-reduced to the sulfhydryl state for mobilization during germination. Moreover, the insoluble disulfide proteins of gluten became more soluble in aqueous solutions following reduction by Trx. Reduction was accompanied by a dramatic increase in susceptibility to digestion by endogenous proteases (Jiao et al. 1992 , Jiao et al 1993 , Gobin et al., 1997 , Wong et al. 2004 , Hägglund et al. 2016 . Originally made with cereals, these findings were later extended to other types of plants. In collaborative research with Francoise Montrichard, a sabbatical visitor from Angers, France, and her student Fatima Alkhalfoui, we obtained evidence that germinating seeds of the dicot Medicago truncatula undergo Trx-dependent redox changes in constituent proteins similar to those observed with cereals (Alkhalfoui et al. 2007 ).
The function of Trxs, including the h-type, was dramatically broadened with the introduction of proteomics (Montrichard et al. 2008 , Buchanan 2016 . Two widely used procedures were developed early on to identify candidate Trx target proteins. One was based on the labeling of regulatory sulfhydryl groups of target proteins with a fluorescent alkylating reagent. Hiroyuki Yano, a visiting scientist from Japan, applied his knowledge of protein chemistry in pioneering this approach (Yano et al. 2001) . The other approach, originating with work on yeast by Yves Meyer's group in France (Verdoucq et al. 1999) , and further developed in Japan and Berkeley (Motohashi et al. 2001 , Balmer et al. 2003 . In this case target proteins are trapped by a form of Trx engineered to contain a mutated cysteine (CXXS) in its active site (Motohashi et al. 2001) . In addition to confirming many of the enzymes known to be linked to Trx, application of these procedures resulted in the identification of a wide range of previously unknown candidate Trx targets in seeds and other plant organs, thereby validating the methods (Montrichard et al. 2008 , Buchanan 2016 ). There have since been numerous improvements in the original procedures (Hägglund et al. 2016 ).
Applications of Thioredoxin h
The possibility of applying Trx h to practical problems arose in early work uncovering its ability to catalyze the reduction of the disulfide bonds of major food proteins (Kobrehel et al. 1991 , Wong et al. 1995 . Further indications came from the demonstration that thiol proteins of wheat kernels undergo redox modification during conditioning-a process applied to grain prior to milling (Gobin et al. 1997 ). Proteins derived from major parts of the kernel (endosperm, embryo and bran) were reduced from disulfide to sulfhydryl form after moistening and storing grain at room temperature. Moreover, the proteins remained reduced after prolonged storage of flour at 4 C. The results suggested that the technological (baking) quality of wheat flour is influenced by thiol changes taking place in the conditioning process. Subsequent storage conditions may also play a role. The role of thiol/disulfide transitions in breadmaking had been highlighted several years earlier with the demonstration that reduced Trx improved the quality of poor quality flour based on microfarinograph measurements . Baking tests conducted in parallel demonstrated the potential of Trx added with NADPH and NTR to improve loaf volume, especially in aged flour. It has not been possible to develop this technology further due to the complexity of factors contributing to flour quality as well as variation in different lots of grain.
Thioredoxin: results with venoms
After observing that Trx specifically reduces and alters the activity of disulfide proteins from plant sources, we considered that it might promote similar thiol redox transitions with medically important animal proteins. Pursuit of this possibility led us to test the effect of Trx, initially on neurotoxins in venoms and then on allergens in cow's milk. With the neurotoxins we observed that, when reduced by DTT, Trxs from several sources (wheat germ, h-type; spinach chloroplasts, f-type; human lymphocytes, E. coli), in turn, reduced erabutoxin-a post-synaptic neurotoxin from the sea snake black-banded sea krait, Laticauda semifasciata (Lozano et al. 1994) . Reduction was monitored indirectly by following activation of chloroplast NADP-MDH (DTT! Trx ! Erabutoxin b ! NADP-MDH) and directly by assessing reduction with the monobromobimane (mBBr) flurorescent gel procedure (Droux et al. 1987 , Yano et al. 2001 . Similar results were obtained with E. coli Trx following reduction with NADPH and NTR. The E. coli Trx system was also effective with pre-synaptic (b-bungarotoxin) and other post-synaptic (a-bungarotoxin) neurotoxins from the many-banded sea krait, Bungarus multicinctus. As with other small disulfide proteins (Kobrehel et al. 1991) , the reduced form of the monothiol glutathione was ineffective either with or without glutaredoxin. Like their snake counterparts, the disulfide proteins of scorpions (Androctonus australis) and bees (Apis mellifer) were also reduced specifically by Trx (Hägglund et al. 2016) . Moreover, like the trypsin inhibitors (Jiao et al. 1992 , Jiao et al. 1993 ), a-bungarotoxin lost its activity, i.e. the ability to bind to the acetylcholine receptor. Such an inhibitory effect would block the transmission of nerve impulses. Thus, the loss of activity accompanying reduction suggests that, depending on the type of snake, reduced Trx might be used to overcome the effect of neurotoxins, thereby preventing the neuroparalysis that accompanies snake bites.
Such behavior stands in stark contrast to observations made with the highly potent neurotoxins produced by the bacterium Clostridium botulinum. In that case, the NADP/Trx system residing in synaptic vesicles is responsible for selectively cleaving a key disulfide bond required for entry of the toxin into neurons (Pirazzini et al. 2014 , Pirazzini et al. 2015 . Thus, in one case (venom neurotoxins), reduced Trx has the potential to protect against paralysis, whereas in the other (bacterial neurotoxins), reduced Trx is essential for paralysis.
Thioredoxin: results with allergens
After observing that Trx specifically reduced disulfide bonds of wheat gluten, we thought it possible that similar thiol redox transitions might decrease the potency of food allergens, many of which contain disulfide bonds. A study carried out with a colony of dogs sensitized to food allergens showed this to be the case: the allergenicity of wheat gliadins and glutenins was mitigated following treatment with Trx that had been reduced in vitro either enzymatically with NADPH/NTR or chemically with DTT . A follow-up study demonstrated that b-lactoglobulin, a major allergen of cow's milk, underwent similar changes following the reduction of disulfide bonds by Trx (del Val et al. 1999) . Oscar Lee Frick, a well known allergy specialist at the University of California Medical School, San Francisco, was central to our collaborative Trx research. After his pioneering efforts in establishing the dog colony at UC Davis, Lee worked for many years refining procedures to sensitize the animals and assess allergenicity with both skin tests and feeding trials. His work demonstrated that dogs are an excellent model to study human allergies.
Our allergy work was extended by Taketani et al. (2011) in their demonstration that Trx-enriched yeast extract reduced anaphylactic symptoms in guinea pigs. These investigators found no evidence to support the results of Weichel et al. (2006) that Trx itself is an allergen-a conclusion based on IgE binding experiments with sera from patients with baker's asthma [see also Buchanan and Frick (2007) and Crameri (2007) ].
Transgenic Research: Overexpression Studies
Our original biochemical research provided evidence that Trx h plays a central role in seed germination. Once the basics were established, we considered the possibility of using genetic engineering to overexpress the protein in grain. The pursuit of this possibility marked the beginning of an ongoing, long-term productive collaboration with Peggy Lemaux in which she has contributed expertise in molecular biology and our laboratory has given biochemical input (Fig. 3) .
We initiated our collaborative study with barley engineered to overexpress Trx h5 in the endosperm, thereby separating the transgenic protein from processes taking place in other parts of the seed (Cho et al. 1999) . Our research confirmed that targeting the gene was critical for maximal overexpression of Trx.
Expression was highest, when the Trx h gene was fused (i) to a specific B 1 -hordein promoter, thereby restricting expression to the endosperm and (ii) with a signal peptide for targeting Trx to the protein body. In addition to increased levels of Trx, transgenic lines showed an increase of several fold in the activity of aamylase and pullulanase, the latter seemingly occurring through the Trx-dependent inactivation of a specific disulfide protein that inhibits the enzyme (pullulanase is also called starch debranching enzyme or limit dextrinase) (Wong et al. 2002) . To our surprise and delight, the transgenic grain showed both a significant acceleration in the rate of germination and an increase in the solubilization of storage proteins needed by the new seedling. The solubility feature was confirmed in a follow-up study carried out with Bill Hurkman and the late Bill Vensel at the USDA Laboratory located in Albany, California (Wong et al. 2004 ). The results prompted the conclusion that Trx h enables the starchy endosperm to communicate with adjoining tissues, thereby accelerating the synthesis and release of a-amylase by the aleurone and the emergence of the embryo (Wong et al. 2002) . Myeong-Je Cho, a post-doc from the University of Illinois, Urbana, made important contributions to these early grain studies.
Transgenic Research: Underexpression Studies
After the original experiments were completed, the transgene work was extended in experiments testing the effect of lowering Trx h5 expression in wheat. This research was conducted in collaboration with Jun Yin and his group in Zhengzho, China, who had initiated a transgenic wheat project (Li et al. 2009 ). To achieve underexpression, we used, as in earlier work, (i) a hordein promoter and a protein body targeting sequence to direct Trx to the endosperm (Cho et al. 1999); and (ii) an antisense construct of Trx h9 to promote underexpression in the cytosol (Arabidopsis numbering). Underexpression of Trx h9 in wheat led to effects opposite to those earlier observed with Trx h5 overexpressed in barley (Wong et al. 2002) , i.e. retardation of germination and delayed or reduced expression of associated enzymes. Both greenhouse-and field-grown wheat lines with underexpressed Trx showed a mitigation of pre-harvest sprouting-a problem resulting from rainy seasons when the grain germinates prematurely in the head (Li et al. 2009 ). Pre-harvest sprouting is of growing importance as a result of global warming and climate change. In addition to mitigating pre-harvest sprouting, the underexpression of Trx h was accompanied by a significant improvement in flour quality. These traits were retained in three generations of fieldgrown crops (Ren et al. 2010) . In an independent study, He et al. (2012) reported evidence based on experiments with RNA interference (RNAi) lines that Trx h regulates coldinduced sweetening of potatoes.
Closing Thoughts
Impressive progress has been made in elucidating the properties and function of Trx h in the 30 years since its discovery. As members of the largest Trx gene family in plants, Trx h encodes proteins residing in multiple cell compartments, including the cytosol, mitochondria and plasma membrane. Members of this protein family have been studied in cereals, in particular, where they seem to control fundamental physiological parameters as well as important agronomic and economic traits. Although limited at first, the list of Trx h functions continues to grow. Like other Trxs, the h-type plays a direct role in enzyme regulation, as exemplified by the alternative oxidase of mitochondria (Gelhaye et al. 2004 ). However, Trx h is unique in other respects. One form of the protein is reduced by glutathione and glutaredoxin (Gelhaye et al. 2003) . Another form resides in the plasma membrane and has the ability to move from cell to cell, thereby probably fulfilling a communication function (Meng et al. 2010 ). Yet another form functions in modulating plant immunity (Kneeshaw et al. 2014) . If this functional diversity is considered in light of societal benefits, the need for additional research on the Trx h family becomes obvious. However, despite its significance, research on this redoxin family continues to be held back by the overall decline in federal funding and by difficulties surrounding the public acceptance of genetically modified food products. Society will be richer once these issues are resolved.
Young scientists may be interested in the path my research followed in the six decades after I entered graduate school. Looking back, I can see that the path started with my dissertation research on the physiology and metabolism of a pathogenic bacterium; it continued as a post-doc with work on fermentative bacteria and as a young faculty member with an investigation of photosynthetic bacteria; this investigation led to research on chloroplasts that is still ongoing. Eventually, after 20 years, the path branched to include studies on seeds, also ongoing. During this journey, my collaborators and I had the good fortune to uncover new principles of microbial metabolism, photosynthesis (Buchanan 2016 (Buchanan , 2017 ) seed biology and biotechnology (this article). I believe my research was broadened by asking simple questions that came to me logically. I pursued answers with a small research group, paying little attention to disciplines or scientific turf. I realized early on that, alone, it would be difficult to master the techniques and protocols needed to pursue such a research agenda. I overcame this hurdle by recruiting talented collaborators, junior and senior, with different types of experience and expertise. Throughout, I also attempted to have one or two permanent staff to acquaint newcomers with the laboratory and teach protocols we applied, and in some cases had developed. I discovered that a small laboratory comprised of scientists of diverse nationalities and research backgrounds made for both strong science and camaraderie. I also learned that progress is facilitated in an atmosphere that encourages open discussion of problems and ideasan aspect enhanced by sharing laboratory space with colleagues having complementary interests. Somehow, things simply seemed to fall into place with little effort on my part. Most of the problems we tackled, and in many cases solved, stemmed directly or indirectly from my post-doctoral work with Fdx. Experience gained during this period has guided me through the entirety of my career and, in fact, guides my thinking to this day.
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